ABSTRACT Gravitational microlensing events produced by lenses composed of binary masses are important because they provide a major channel to determine physical parameters of lenses. In this work, we analyze the light curves of two binary-lens events OGLE-2006-BLG-277 and OGLE-2012-BLG-0031 for which the light curves exhibit strong deviations from standard models. From modeling considering various second-order effects, we find that the deviations are mostly explained by the effect of the lens orbital motion. We also find that lens parallax effects can mimic orbital effects to some extent. This implies that modeling light curves of binarylens events not considering orbital effects can result in lens parallaxes that are substantially different from 2 BINARY LENSING WITH ORBITAL EFFECTS actual values and thus wrong determinations of physical lens parameters. This demonstrates the importance of routine consideration of orbital effects in interpreting light curves of binary-lens events. It is found that the lens of OGLE-2006-BLG-277 is a binary composed of a low-mass star and a brown dwarf companion.
actual values and thus wrong determinations of physical lens parameters. This demonstrates the importance of routine consideration of orbital effects in interpreting light curves of binary-lens events. It is found that the lens of OGLE-2006-BLG-277 is a binary composed of a low-mass star and a brown dwarf companion. Subject headings: gravitational lensing: micro -orbital motion -binaries: general 1. INTRODUCTION Progress in gravitational microlensing experiments for the last two decades has enabled a great increase in the number of event detections from tens of events per year at the early stage to several thousands per year in current experiments. Among discovered lensing events, an important portion are produced by lenses composed of two masses (Mao & Paczyński 1991) .
One reason why binary-lens events are important is that these events provide a major channel to determine the physical parameters of lenses. For the determination of the lens parameters from observed lensing light curves, it is required to simultaneously measure the lens parallax π E and the angular Einstein radius θ E . The lens parallax is measured from long-term deviations in lensing light curves caused by the positional change of an observer induced by the orbital motion of the Earth around the Sun: parallax effect (Gould 1992) . On the other hand, the Einstein radius is measured from deviations in lensing light curves affected by the finite size of a source star: finite-source effect (Gould 1994; Witt & Mao 1994) . With the measured values of π E and θ E , the mass and distance to the lens are determined respectively by M tot = θ E /(κπ E ) and D L = AU/(π E θ E + π S ), where κ = 4G/(c 2 AU), AU is an Astronomical Unit, π S = AU/D S , and D S is the distance to the lensed star (Gould 1992; Gould et al. 2006 ). For single-lens events, the chance to measure θ E is very low because finite-source effects occur only for very rare events with extremely high magnifications in which the lens passes over the surface of the source star, e.g., Choi et al. (2012) . By contrast, the chance to measure θ E is high for binary-lens events because most of these events involve source stars' caustic crossings or approaches during which finite-source effects are important. As a result, the majority of gravitational lenses with measured physical parameters are binaries.
It is known that changes of lens positions caused by the orbital motion of a binary lens can induce long-term deviations in lensing light curves, similar to deviations induced by parallax effects. Since this was first detected for the event MACHO-97-BLG-41 (Bennett et al. 1999; Albrow et al. 2000; Jung et al. 2013) , orbital effects have been considered for more binary-lens events, e.g., An et al. (2002) ; Jaroszyński et al. (2005) ; Skowron et al. (2011); Shin et al. (2011) . However, analyses have been carried out only for a limited number of events. An important obstacle of orbital analyses is the heavy computation required to consider the time variation of the caustic morphology caused by the orbitinduced changes of the binary separation and orientation. As a result, routine orbital analyses for general binary-lens events became possible very recently after being able to utilize efficient modeling software and powerful computing resources.
Considering orbital effects is important for accurate determinations of physical lens parameters. Since orbital and parallax effects induce similar long-term deviations, it might be that orbital effects can be mimicked by parallax effects. Then, if only parallax effects are considered for events affected by orbital effects, the determined physical parameters would be different from their true values. In this work, we demonstrate the importance of considering orbital effects by presenting • , −1.10 • ), for OGLE-2012-BLG-0031. The events were discovered from survey observations conducted by the Optical Gravitational Lensing Experiment (OGLE: Udalski 2003) . In addition to the survey observation, the events were additionally observed by follow-up groups including the Probing Lensing Anomalies NETwork (PLANET: Albrow et al. 1998) , the Microlensing Follow-Up Network (µFUN: Gould et al. 2006) , and the RoboNet (Tsapras et al. 2009 ) groups. In Table 1 , we list survey and follow-up groups who participated in observations of the individual events along with the telescopes they employed as well as their locations. We note that the event OGLE-2006-BLG-277 was previously analyzed by Jaroszyński et al. (2010) , but the analysis was based on only OGLE data. We, therefore, reanalyze the event based on all combined data considering higher-order effects.
Reductions of data were done using photometry codes developed by the individual groups, mostly based on difference image analysis (Alard & Lupton 1998; Woźniak et al. 2001; Bramich 2008; Albrow et al. 2009 ). In order to use data sets acquired from different observatories, we readjust the error bars. For this, we first add a quadratic error term so that the cumulative distribution of χ 2 ordered by magnifications is approximately linear in data counts, and then rescale errors so that χ 2 per degree of freedom (χ 2 /dof) becomes unity. In Figures 1 and 2 , we present the light curves of the individual events. Both light curves exhibit sharp spikes that are characteristic features of caustic-crossing binary-lens events. The spikes occur in pairs because the caustic forms a closed curve. Usually, the inner region between two spikes has a "U"-shape trough as is in OGLE-2006-BLG-277. For OGLE-2012-BLG-0031, the inner region exhibits a complex pattern. Such a pattern can be produced when the source trajectory runs approximately tangent to the fold of a caustic.
3. MODELING 3.1. Standard Model Knowing that the events were produced by binary lenses, we conduct modeling of the observed light curves. Basic description of a binary-lens event requires 7 lensing parameters. Among them, the first three parameters describe the lens-source approach. These parameters include the time of the closest approach of the source to a reference position 38 of the binary lens, t 0 , the lens-source separation at t 0 in units of the Einstein radius, u 0 , and the time required for the source to cross the Einstein radius, t E (Einstein time scale). The Einstein ring represents the source image for an exact lens-source alignment and its radius θ E is usually used as the length scale of lensing phenomena. The Einstein radius is related to the physical lens parameters by θ E = (κMπ rel ) 1/2 , where M is the mass of the lens and
S ) is the relative lenssource parallax. Another three lensing parameters describe the binary lens. These parameters include the projected sep-38 For a binary lens with a projected separation less than the Einstein radius, s < 1, we set the reference position of the lens as the center of mass of the binary lens. For a binary with a separation greater than the Einstein radius, s > 1, on the other hand, we set the reference as the photocenter that is located at a position with an offset q/[s(1 + q)] from the middle position between the two lens components. aration, s (in units of θ E ), the mass ratio between the binary lens components, q, and the angle between the source trajectory and the binary axis, α (source trajectory angle). The last parameter is the normalized source radius ρ * = θ * /θ E , where θ * is the angular source radius. This parameter is needed to describe the parts of light curves affected by finite-source effects, which are important when a source star crosses over or approaches close to caustics formed by a binary lens.
In modeling the light curves based on the standard lensing parameters (standard model), searches for best-fit solutions have been done in two steps. In the first step, we identify local solutions by inspecting χ 2 distributions in the parameter space. For this, we use both grid search and downhill approach. We choose (s, q, α) as grid parameters because lensing magnifications can vary dramatically with small changes of these parameters. By contrast, lensing magnifications vary smoothly with changes of the other parameters, and thus we search for the solutions of these parameters by minimizing χ 2 using a downhill approach. We use the Markov Chain Monte Carlo (MCMC) method for the χ 2 minimization. In the second step, we refine the lensing parameters for the individual local solutions by allowing all parameters to vary. Then, the best-fit solution is obtained by comparing χ 2 values of the individual local solutions. We estimate the uncertainties of the lensing parameters based on the distributions of the parameters obtained from the MCMC chain of solutions.
For magnification computations affected by finite-source effects, we use the "map-making method" developed by Dong et al. (2006) . In this method, a map of rays for a given binary lens with a separation s and a mass ratio q is constructed by using the inverse ray-shooting technique (Schneider & Weiss 1986; Kayser et al. 1986 ; Wambsganss 
where m 1 = 1/(1 + q) and m 2 = qm 1 are the mass fractions of the individual binary lens components, ζ = ξ + iη, z = x + iy, and z L,i = x L,i + iy L,i denote the positions of the source, image, and lens expressed in complex notions, respectively, and z denotes the complex conjugate of z. With the constructed map, the finite-source magnification for a given position of a source with a normalized radius ρ * is computed as the ratio of the number density of rays within the source to that on the image plane. This method saves computation time by enabling to produce many light curves resulting from various source trajectories based on a single map. In addition, the method enables to speed up computation by allotting computation into multiple CPUs. We further accelerate computation by using semi-analytic hexadecapole approximation (Pejcha & Heyrovský 2009; Gould 2008) for finite magnification computations. In our finite-source computations, we consider the limbdarkening effect of the source star by modeling the surface brightness profile as S λ ∝ 1 − Γ λ (1 − 3 cosφ/2), where Γ λ is the linear limb-darkening coefficient, λ is the passband, and φ denotes the angle between the line of sight toward the source star and the normal to the source surface. The limb-darkening coefficients are adopted from Claret (2000) considering the source type that is determined based on the source locations in the color-magnitude diagrams. We find that the source star of OGLE-2006-BLG-277 is a K-type giant star. For OGLE-2012-BLG-0031, the lensed star is located in a very reddened region, causing difficulties in precisely characterizing the star based on its color and brightness. Nevertheless, it is found that the source is a giant. The adopted coefficients are Γ V = 0.74, Γ R = 0.64 and Γ I = 0.53 for both events. For data sets obtained without any filter, we choose a mean value of the R and I band coefficients, i.e., Γ N = (Γ R + Γ I )/2, where the subscript "N" denotes that no filter is used.
In Table 2 , we list the best-fit solutions of the lensing parameters obtained from standard modeling for the individual events. In Figures 1 and 2 , we also present the residuals from the fits. It is found that even though the fits basically describe the main features of the observed light curves, there exist important residuals that last throughout both events.
Higher-order Effects
Long-term residuals from the standard models suggest that one needs to consider higher-order effects in order to better describe the lensing light curves. Since it is known that such long-term residuals are caused by the parallax and/or lens orbital effects, we conduct additional modeling considering both higher-order effects.
To describe parallax effects, it is necessary to include two parameters π E,N and π E,E , which represent the two components of the lens parallax vector π E projected onto the sky along the north and east equatorial coordinates, respectively. The magnitude of the parallax vector, π E = (π 2 E,N + π 2 E,E ) 1/2 , corresponds to the relative lens-source parallax scaled to the Einstein radius of the lens, i.e. π E = π rel /θ E (Gould 2004) . The direction of the parallax vector corresponds to the relative lens-source motion in the frame of the Earth at a reference time of the event. In our modeling, we use t 0 as the reference time. Parallax effects cause the source motion relative to the lens to deviate from rectilinear.
To first order approximation, the lens orbital motion is described by two parameters ds/dt and dα/dt, which represent the change rates of the normalized binary separation and the source trajectory angle, respectively (Albrow et al. 2000; An et al. 2002) . In addition to causing the relative lens-source motion to deviate from rectilinear, the orbital effect causes further deviation in lensing light curves by deforming the caustic over the course of the event due to the change of the binary separation.
In Table 2 , we list the results of modeling considering the higher-order effects. For each event, we conduct 3 sets of additional modeling in which the parallax effect and orbital effect are considered separately ("parallax only" and "orbital only") and both effects are simultaneously considered ("orbit+parallax"). In the lower panels of Figures 1 and 2 , we present the residuals of the individual models. In Figure 3 , we present the geometry of the lens systems of the best-fit solutions, where the source trajectory with respect to the lens components and the resulting caustics are shown. We note that the relative lens positions and caustics vary in time due to the orbital motion of the lens and thus we mark the positions at two different moments.
For both events, we find that the dominant second-order effect is the lens orbital motion. The dominance of the orbital effect is evidenced by the fact that the models considering only the orbital effect result in fits as good as those considering both the parallax and orbital effects. It is found that the consideration of orbital effects improves the fits by ∆χ 2 = 1124.4 and 158.4 compared to the standard models of OGLE-2006-BLG-277 and OGLE-2012-BLG-0031, respectively. On the other hand, the improvements by additionally considering the parallax effect are merely ∆χ 2 = 16.3 and 2.5 for the individual events.
To be noted is that parallax effects can mimic orbital effects to some extent for both events. We find that the improvements of the fits by the parallax effect are ∆χ 2 = 841.6 (cf. ∆χ 2 = 1124.4 improvement by the orbital effect) and 150.1 (cf. ∆χ 2 = 158.4 by the orbital effect) for OGLE-2006-BLG-277 and OGLE-2012-BLG-0031, respectively. In addition, the values of the lens parallax determined without considering orbital effects substantially differ from those determined by considering orbital effects. This can be seen in Figure 4 where we present χ 2 distributions in the space of the parallax parameters. For OGLE-2006-BLG-277, the measured lens parallax is π E = 1.13 ± 0.16 when both parallax and orbital effects are considered, while π E = 0.70 ± 0.05 when only the parallax effect is considered. For OGLE-2012-BLG-0031, modeling considering only parallax effects results in a lens parallax π E = 0.31 ± 0.08, while the lens parallax is consistent with zero in 3σ level in the model considering additional orbital effects. These facts imply that orbital effects can masquerade as parallax effects and thus lens parallax values mea- FIG. 4 .-Distributions of χ 2 in the space of the parallax parameters π E,E and π E,N for OGLE-2006-BLG-277 (upper panels) and OGLE-2012-BLG-0031 (lower panels). For each event, the distribution in the left panel is obtained from modeling considering only the parallax effect, while the distribution in the right panel is constructed by considering both the orbital and parallax effects. Different contours correspond to ∆χ 2 < 1 (red), 4 (yellow), 9 (green), 16 (sky blue), 25 (blue), and 36 (purple), respectively. sured based on modeling not considering orbital effects can result in wrong values. This leads to wrong determinations of physical lens parameters because masses and distances to lenses are determined from measured values of the lens parallax.
It was pointed out by Batista et al. (2011) and Skowron et al. (2011) that the parallax component perpendicular to the relative lens-source motion, π E,⊥ , is strongly correlated with the orbital parameter dα/dt, causing a degeneracy between π E,⊥ and dα/dt. They argued that this degeneracy occurs because the lens-source motion in the direction perpendicular to the Sun-Earth axis induces deviations in lensing light curves similar to those induced by the rotation of the binary-lens axis. For both events OGLE-2006-BLG-277 and OGLE-2012-BLG-0031 , the direction of the relative lens-source motion is similar to east-west direction, and thus π E,⊥ ∼ π E,N . According to this degeneracy, the lens parallax vectors estimated by the "parallax only" and the "orbit+parallax" models should result in similar values of π E,E , while values of π E,N can be widely different. However, both the events analyzed in this work do not conform to the previous prediction. This implies that the parallax-orbit degeneracy is much more complex than previously thought, and thus it is essential to study the degeneracy in all cases where higher-order effects are detected.
We determine the physical lens parameters based on the best-fit solutions (orbit+parallax models). For this, we first determine the Einstein radius. The Einstein radius is determined by θ E = θ * /ρ * , where the normalized source radius ρ * is measured from the modeling and the angular stellar radius is determined based on the source type. The measured Einstein radius of the lens of OGLE-2006-BLG-277 is is θ E = 1.35 ± 0.11 mas. This corresponds to the relative lens-source proper motion µ = θ E /t E = 13.0 ± 1.0 mas yr −1 . With the measured mass ratio between the lens components, then the masses of the individual lens components are M 1 = M tot /(1+q) = 0.049±0.014 M ⊙ and M 2 = qM tot /(1+q) = 0.097 ± 0.027 M ⊙ , respectively. Therefore, the lens is composed of a low-mass star and a brown dwarf. The distance to the lens is D L = 0.60 ± 0.14 kpc. The close distance explains the relatively high proper motion (13.0 ± 1.0 mas yr −1 ). With the physical parameters combined with orbital parameters, we evaluate the ratio of tranverse kinetic to potential energy
where r ⊥ denotes the projected binary separation (Dong et al. 2009 ). The ratio should obey (KE/PE) ⊥ ≤ KE/PE < 1 for kinetically stable binary orbit. We find (KE/PE) ⊥ = 0.20 ± 0.04. For OGLE-2012-BLG-0031, it is difficult to determine the physical lens parameters not only because the source type is uncertain but also because the lens parallax is consistent with zero.
SUMMARY AND CONCLUSION
We analyzed two binary-lens events OGLE-2006-BLG-277 and OGLE-2012-BLG-0031 for which the light curves exhibit significant residuals from standard binary-lens models. From modeling considering higher-order effects, we found that the residuals were greatly removed by considering the effect of the lens orbital motion. We also found that parallax effects could mimic orbital effects to some extent and the parallax values measured not considering the orbital effect could result in dramatically different value from true values, and thus wrong determinations of physical lens parameters. We also found that the lens of OGLE-2006-BLG-277 was a binary composed of a low-mass star and a brown dwarf companion.
